Abstract: Alcohol abuse is a systemic disorder and increases the risk of lung injury. After ingestion, alcohol freely diffuses from the bronchial circulation directly through the ciliated epithelium where it vaporizes as it moves into the conducting airways. Some of vaporized alcohol can deposit back into the airway lining fluid and results in repeated exposure of the airway epithelium to high local concentrations of alcohol. Chronic alcohol ingestion is associated with increased renin-angiotensin system, induces oxidative stress through angiotensin (Ang) II stimulated NADPH oxidase expression and activity, and superoxide production. Alcohol metabolism within the lung through the cytochrome P 450 system may also be sufficient to exert significant oxidative stress. Alcohol inhibits the expression of GM-CSF and impairs immune system. Chronic ingestion of ethanol altered cellular functions and viability such as decreased surfactant processing, decreased barrier integrity, increased sensitivity to cytotoxin-induced apoptosis in vitro and in vivo in alveolar type II cells, and decreased phagocytosis of microorganisms in alveolar macrophages. The lung becomes more susceptible when a second hit such as sepsis occurs. Though dietary supplementation with glutathione precursors or selective Ang II type 2 receptor inhibition limits lung injury in animal model, the most attractive candidate for treating the alcoholic lung in the acute setting is recombinant GM-CSF. Whether any of these therapeutic strategies will prove to be effective in decreasing the consequences of alcohol abuse on acute pulmonary diseases is at present unknown.
INTRODUCTION
Alcoholic beverages have been used in human societies since the beginning of recorded history. Alcohol is causally related to more than 60 medical conditions. Overall, 3.5% of global burden of disease is attributable to alcohol [1] . The deleterious health effects of alcohol can be attributed both to its acute as well as its chronic toxic effects, all of which may result in irreversible organ damage [2] . By contrast, the ravages of alcohol abuse have been viewed as relatively sparing the lung. For example, there has not been described an "alcoholic pneumopathy" or "alcoholic pneumonitis".
Following ingestion, alcohol is rapidly absorbed by the gastric and small intestinal mucosa and is metabolized primarily in the liver by alcohol dehydrogenase, a cytosolic enzyme with multiple isoforms that vary in their affinities for alcohol binding [3, 4] . Only the liver and the gastric mucosa have the high-affinity isoform, and, therefore, alcohol metabolism by alcohol dehydrogenase in tissues other than the liver and the stomach is limited [3, 4] . Alcohol can also be metabolized in microsomes via the cytochrome P-450 component CYP2E1 [5] . This enzyme complex has a lower affinity for alcohol than the hepatic alcohol dehydrogenase enzyme and therefore may not contribute significantly to overall alcohol metabolism [3, 4] . Alcohol is metabolized in the lung through the cytochrome P-450 system [6] .
Alcohol metabolism in the liver forms acetaldehyde and free radicals that have been implicated as direct causes of *Address correspondence to this author at the Department of Biochemistry, Agartala Government Medical College, Kunjaban P.O., Agartala 799 006, West Tripura, India; E-mail: drsubirkdas@gmail.com hepatocyte injury [3, 4] . Pancreas is another prominent target of alcohol abuse within the gastrointestinal tract. An association between alcohol abuse and pancreatic injury was reported as early as 1878 [7] . Alcohol consumption has diverse deleterious effects throughout the gastrointestinal tract including gastroesophageal reflux, damage to the gastric mucosa, and malabsorption of nutrients in the small intestine [8] .
risk for developing the acute respiratory distress syndrome (ARDS) [13] . It is a common and devastating form of acute lung injury in which the air spaces become flooded with inflammatory cells and debris, leading to respiratory failure and, in ~50% of the cases, death [14] . Histologically, ARDS is characterized by diffuse alveolar damage with extensive epithelial cell destruction [15, 16] , and disruption of this normally tight alveolar epithelial barrier results in flooding of the alveolar air space with proteinaceous fluid [17] rich in cytokines. ARDS is now recognized as the severe end of a wide spectrum of acute lung injury [18] .
ALCOHOL-INDUCED ALVEOLAR EPITHELIAL DYSFUNCTION
The alveolar epithelial barrier is a dynamic one and depends on active transport of water and ions, particularly sodium, out of the alveolar space and into the interstitium to keep the alveoli dry [19] . Chronic alcohol abuse increases alveolar epithelial permeability both in vitro and in vivo, in part due to altered tight junction formation [20] . Approximately 95% of the alveolar surface is lined by flat type I epithelial cells through which oxygen and carbon dioxide diffuse between the alveolar and capillary compartments. Alveolar type II cells, which comprise the remaining 5% of the alveolar epithelial surface, are cuboidal cells that have diverse functions in maintaining the unique microenvironment of the alveoli, including glutathione homeostasis and surfactant secretion. They are also the progenitors of type I cells and therefore are responsible for maintaining and/or restoring the alveolar structure after injury [21] . Type II cells are sensitive to oxidative stress [22] , and ARDS patients have multiple abnormalities related to alveolar type II cell function, including decreased glutathione [23] and decreased surfactant [24, 25] in their lung lavage fluid.
Chronic alcohol ingestion impairs surfactant production and increases oxidant-mediated necrosis in alveolar epithelial cells [26, 27] ; increases oxidant-and cytokine-mediated apoptosis in alveolar epithelial cells in vitro and in vivo [28, 29] ; increases protein leak across the alveolar barrier and decreases alveolar liquid clearance in vivo [30] ; increases activation of metalloproteinases and degrades the alveolar matrix during endotoxemia [31] ; renders the lung intrinsically susceptible to injury during endotoxin-mediated acute inflammation [27, 31] ; decreases functional surfactant in the alveoli and increases respiratory failure during sepsis in vivo in the cecal ligation and perforation model [32] ; and increases the expression and activation of transforming growth factor (TGF)-within the alveolar space where it can increase epithelial permeability [33] . Chronic alcohol abuse impairs the alveolar epithelial barrier function via occludin, ZO-1, and E-cadherin deterioration, and predisposes to acute lung injury [34] .
Chronic alcohol ingestion increased expression of apical sodium channels in the alveolar epithelium and also significantly increased gene and protein expression of each Na,KATPase subunit in lungs of animal model. Additionally, lungs isolated from alcohol-fed rats developed more edema than lungs from control-fed rats [20] . The primary defect in the alcoholic lung is increased permeability of the epithelium [30] . Chronic alcohol ingestion increased the expression of Na,K-ATPase in the lung [20] , and active sodium transport may be increased as a compensatory response [20, 30] .
BRONCHIAL CIRCULATION
The exchange of gases between the outside environment and the bloodstream is the primary function of the lung. This requires the bidirectional movement of air through the conducting airways to alveoli where fresh air is exposed to capillary blood from the pulmonary circulation. Matching airflow with blood flow is critical for normal gas exchange and requires a delicate balance between the blood and air distribution systems.
The conducting airways of the lung, including the trachea, bronchi and bronchioles, function to distribute air throughout the lung and represent the proximal and often rate-limiting component of the air distribution system. Normal lung airways branch and taper from the trachea down to terminal bronchi providing balanced and regulable airflow throughout the lung. The conducting airways are the first interface of the lung with the outside environment [35] .
The mucociliary apparatus consists of mucus secreting cells, sero-mucinous bronchial glands and ciliated cells that line the conducting airways from the trachea to the terminal bronchi deep in the lung. This system traps inhaled particles and debris in secreted mucus, which is then propelled up and out of the lung via the escalator-like function of the waves created by beating cilia. Normal mucociliary clearance ensures a sterile environment in the lung below the vocal cords [35] [36] [37] . This is critical for airflow and gas exchange, and prevents the inhalation of airborne infectious particles. Failure of this system results in recurrent bronchitis, pneumonia and airway deformity in the form of bronchiectasis [38] .
During alcohol ingestion, alcohol freely diffuses from the bronchial circulation directly through the ciliated epithelium where it vaporizes as it moves into the conducting airways [39] . Indeed, alcohol vapor excreted into the airways in this manner forms the basis of the breath test used to estimate blood alcohol levels [40] . Moreover, vaporized alcohol can deposit back into the airway lining fluid to be released again into the airways during exhalation. This "recycling" of alcohol vapor results in repeated exposure of the airway epithelium to high local concentrations of alcohol [39] .
ALCOHOL AND MUCOCILIARY CLEARANCE
Clinicians have long suspected that mucociliary clearance is reduced in heavy drinkers [41] . There was no difference between particle clearance rates following ingestion of alcohol (0.5 g alcohol/kg in juice) or juice alone but the variance of clearance time was greater following alcohol ingestion and was related to each subject's previous alcohol intake history. In subjects with a "moderate" history of drinking, defined as at least one drink per week but less than two drinks per day, clearance was notably faster following alcohol ingestion. In contrast, half of the subjects with a history of "mild" alcohol ingestion, defined as less than one drink per week and no more than two drinks on one occasion, clearance was significantly slowed by alcohol [42] .
The effect of alcohol on lung airway functions is dependent on the concentration, duration, and route of exposure. Intraperitoneal (IP) injections of alcohol caused concentration-and time-dependent impairment of mucociliary clearance at 5-21% concentrations in mice and kittens [43] . Brief exposure to mild concentrations of alcohol may enhance mucociliary clearance, stimulates bronchodilation, and probably attenuates the airway inflammation and injury observed in asthma and chronic obstructive pulmonary disease (COPD). Prolonged and heavy exposure to alcohol impairs mucociliary clearance and likely worsens outcomes including lung function and mortality in COPD patients [44] .
Very high concentrations of alcohol (4-10% or 0.8-3.2 M) caused concentration-dependent ciliostasis [45] while lower concentrations (1%) did not [46] . Inhaled alcohol augmented the volume and mucus content from the lungs of anesthetized rabbits in a dose-dependent manner [47] . High concentrations of alcohol (3-5% or 0.6-1.1 M) depressed both mucus clearance and secretion in the frog palate model [48] . The applicability of the frog palate as a model of human airways is uncertain and the extremely high concentrations of alcohol used in these experiments are not relevant to human alcohol consumption. Alcohol caused a concentration-and time-dependent increase in the expression of the tracheo-bronchial mucin gene in cultured human bronchial epithelial cells [49] .
Chronic alcohol consumption is associated with a high incidence of bronchitis, pneumonia, and aspiration [50, 51] . Changes in mucociliary transport can be experimentally modeled by monitoring changes in ciliary beat frequency (CBF). CBF is likely increased during conditions of airway epithelial cell "stress". This can occur transiently as part of the "fight or flight" response to substances such asagonists, substance P, and bradykinin [52] [53] [54] . Alternatively, ciliary stimulation can be prolonged in response to inflammation via cytokines such as tumor necrosis factor (TNF)-or interleukin (IL)-1 released from inflammatory cells [55] . Agents that increase either cGMP or cAMP and subsequently activate either cGMP-dependent protein kinase (PKG) or cAMP-dependent protein kinase (PKA) lead to increased CBF in the bovine ciliated airway epithelial cell [54] . Ethanol rapidly and transiently stimulates airway epithelial cell CBF in vitro and that a nitric oxide (NO)-dependent mechanism is involved in these ethanol-stimulated CBF increases [56, 57] . Additionally, there appears to be a cAMPregulatable component to acute ethanol-stimulated CBF increases as ethanol activates PKA in the airway epithelial cell [57] .
In one study, CBF in tracheal tissues was stimulated by low concentrations of alcohol (0.01-0.1% or 2-20 mM), not changed by modest concentrations of alcohol (0.5-1.0% or 100-200 mM) and slowed at higher concentrations of alcohol (2% or 400 mM) [58] . In other study, no difference was found in ciliary beat frequency (CBF) from airway tissue among the subjects related to alcohol intake ranged from "none" to "heavy" [59] . In another experimtal study, rats fed alcohol for six weeks demonstrated slowed cilia beating and desensitization of airway PKA activity [60] . Importantly, bacterial clearance was impaired by alcohol feeding in this same model and the degree of impaired clearance correlated with the degree of cilia desensitization [61] . Transient alcohol stimulation effect on cilia was recapitulated in vivo in alcohol-fed rats [60] .
BRONCHODILATION
Alcohol (1.5% or 310 mM) blocked ovalbumin triggered bronchoconstriction of the excised lungs of ovalbuminsensitized guinea pigs [62] . Very high concentrations of ethanol (2.4 % or 500 mM) inhibited antigen-induced histamine release from guinea pig lung tissue [63] . These suggest that high concentrations of alcohols modify the airway responses to bronchoprovocants; and alcohol can relax constricted airway smooth muscle, which is a significant factor in the pathogenesis of asthma.
Very high concentrations of ethanol (>500 mM) block calcium uptake and binding of calcium to cardiac microsomes of canine cardiac muscle [64] . Ethanol and its metabolite acetaldehyde, are capable of reversibly inhibiting adenosine monophosphate-(AMP) induced re-association of skeletal muscle cell actin and myosin [65] . While these studies proposed that such mechanisms might drive alcoholassociated cardiomyopathy, it is also conceivable that it could promote relaxation of bronchial smooth muscle.
High concentrations of alcohol caused concentrationdependent contraction of airway tracheal smooth muscle of isolated guinea pig. This effect was partially reduced by histamine or the alpha-adrenergic blockade, but completely abolished by calcium channel blockade, suggesting a calcium flux mediated alcohol-triggered airway smooth muscle contraction in this model [66] . In contrast, alcohol promoted concentration-dependent airway smooth muscle relaxation and increased sensitivity to calcium, independent of regulatory myosin light chain phosphorylation in permeabolized canine smooth airway cells [67] . This suggests a direct effect of alcohol on calcium-regulated smooth muscle tone and alcohol is a bronchodilator.
Another mechanism that might explain alcohol-mediated bronchodilation is through release of nitric oxide (NO). Alcohol rapidly stimulates the production of NO from cultured bronchial epithelial cells [68] through the activation of a constitutive nitric oxide synthase (NOS), mostly likely the endothelial NOS isoform (eNOS or NOS-3). NO can act as a weak bronchodilator in asthmatics but not in normal subjects [69] . Intra venous ethanol produced concentration-dependent reduction of exhaled NO in anesthetized rabbits [70] . Since almost all exhaled NO is derived from the conducting airways and not the alveolar space, it was speculated that the alcohol-mediated decrease in NO was likely linked to airway function. Oral ingestion of a modest amount of alcohol was associated with a significant reduction of exhaled NO in asthmatic but not normal subjects, might be due to inhibition of the inducible isoform of nitric oxide synthase (iNOS or NOS-2), which is high in asthmatics [71] . Thus, there are intriguing links between alcohol's modulation of airway NO and changes in airflow.
Alcohol intake triggers airway inflammation via a transient receptor potential resulting in a calcium-dependent release of neuropeptides that contracted airway smooth muscle in guinea pigs [72] . It was suggested that neurogenic airway inflammation may be an important mechanism by which alcohol causes asthma [73] .
ALCOHOL, LUNG FUNCTION AND EPIDEMIOL-OGICAL STUDIES
Several findings suggest that alcohol per se impairs lung function [74] [75] [76] . A larger and longitudinal population study from Copenhagen, examining 8,765 persons over five years demonstrated that alcohol consumption significantly acceler-ated the loss of lung function and vital capacity over time [77] . A subsequent study found that lifetime alcohol consumption was a predictor of chronic cough and sputum production but not wheeze [78] . One study on alcohol-related diagnosis of 22.4% of 1,964 hospitalized patients complemented linking that heavy alcohol intake increased risk for COPD [79] . Another study did not find any association between alcohol consumption and pulmonary function among 1,067 male veterans during a 5-year period [80] . But in a case-control study, no difference in pulmonary function or symptoms between alcoholic subjects and case-matched control subjects was found [81] .
Morphometric analysis of 204 autopsied lungs from normal patients, patients with clinically recognized emphysema, and patients with other illnesses to alcohol intake histories available on these patients, found that alcohol use was significantly associated with reduced centrilobular emphysema even after adjusting for age and smoking effects [82] . Alcohol could potentially have a protective rather than contributive impact on the pathophysiology of COPD [83] .
Analysis of data from 2,953 middle aged men showed reduced COPD mortality in mild drinkers compared to nondrinkers. In contrast to mild drinkers, COPD mortality was increased in heavy-to-moderate drinkers [84] . A U-shaped risk curve for reduced pulmonary function was observed among non-drinkers, mild drinkers and moderate-to-heavy drinkers. Importantly, the U-shaped risk curve was independent of age, height, body mass index (BMI), smoking status, energy intake or country. Further analysis demonstrated independent beneficial effects of moderate alcohol intake and consumption of foods high in antioxidants such as fruits and whole grains on the risk for COPD symptoms and pulmonary function [85] . Acute ingestion of alcohol increased the incidence of ventricular ectopy and apnea in COPD patients [86] .
The analysis of 15,294 adults in the United States between 1988 and 1994 failed to demonstrate reduced risk in subjects with mild alcohol consumption, but did demonstrate increased odds for airflow obstruction in former heavy drinkers. This association was independent of age, sex, education, socioeconomic status and, importantly, smoke exposure [87] . In another study, alcohol consumption was associated with increased symptoms and decreased pulmonary function independent of smoking status [51] . Alcohol consumption was associated with an alcohol intake-dependent reduction of odds for the presence of lung restriction [88] . Lung restriction can occur from external compression of the lung, such as with obesity or chest wall deformity, from congestive heart failure and pulmonary edema or from intrinsic lung diseases such as idiopathic fibrosis or sarcoidosis.
Epidemiologic studies have revealed that alcohol abuse independently increases the risk of acute respiratory distress syndrome (ARDS) by as much as two-to fourfold [2] . In two epidemiological studies linking alcohol abuse and ARDS [13, 89] , about 50% of all individuals with ARDS were alcoholics. Although alcohol abuse alone does not cause acute lung injury, it renders the lung susceptible to dysfunction in response to the inflammatory stresses of sepsis, trauma, and other clinical conditions recognized to cause ARDS [2] . Alcoholic patients with ARDS also had more severe nonpulmonary organ dysfunction compared with nonalcoholics with ARDS [89] . Prior alcohol abuse approximately doubles the risk of ARDS in patients who undergo thoracic surgery for lung cancer [90] . Chronic alcohol abuse also increases the risk of multiple organ failure that exacerbates the morbidity and mortality associated with ARDS [91] .
Although alcohol consumption is an established risk factor for cancers of the oral cavity, pharynx, larynx, esophagus and liver [92] , its relationship with lung cancer still remains controversial [93] and has been the subject of epidemiologic investigation for more than 40 years [94] . Alcoholics have been shown high morbidity and mortality due to lung cancer [95] [96] [97] [98] [99] [100] . There is some (although inconsistent) evidence of a modest increase in lung cancer risk in association with alcohol consumption [101, 102] . There is also evidence of a greater risk of lung cancer associated with heavier drinking in cohort and hospital-based case-control studies but not in population-based case-control studies [102] . Alcohol consumption was associated with an increased risk for lung cancer among men consuming at least 21 drinks per week [103] . Heavy drinkers experience a greater incidence of lung cancer than do abstainers or light drinkers; and, a lower incidence of lung cancer has been observed among moderate drinkers than among abstainers in several populations [92] . However, data on the association between moderate alcohol consumption and risk of lung cancer in a community-based population have been inconsistent [102, [104] [105] [106] [107] [108] [109] [110] .
The effect of ethanol on the lung might be cumulative [104] . These include carcinogenesis by the alcohol metabolite acetaldehyde [111] , oxidation by alcohol [112, 113] , and induction by alcohol of cytochrome p450 that affects the metabolism of other procarcinogens [112, 114] . Glu 487 Lys polymorphism (allele) results in a lower ALDH2 activity and a higher blood concentration of acetaldehyde [115] , which is the initial metabolite of alcohol shown to be carcinogenic in animal experiments [116] . Other compounds in alcoholic beverages may also be relevant [101] .
Several studies have demonstrated beneficial effect of light-to-moderate wine consumption on pulmonary function [117] , while excessive intake of distilled spirits has been shown to have a detrimental effect on pulmonary function [75, 76, 79] . Significant ingestion of distilled spirits has been associated with increased lung cancer risk [103, 104, 118] . Epidemiologic studies suggest that the effect on lung cancer risk may be different for beer, wine, and liquor. In one study heavy beer ingestion was associated with increased lung cancer risk [103] but did not show an increased risk in a subsequent study [118] , and in addition, wine drinking had a protective effect against adenocarcinoma of the lung [118] . A hospital-based case control study suggested a slight association of lung cancer risk with white wine consumption [119] . Meta-analysis suggests that high consumption of beer and liquors may be associated with increased lung cancer risk, whereas modest wine consumption may be inversely associated with risk [120] .
In a prospective study, alcohol consumption was not associated with lung cancer among male smokers [105] . Association between alcohol consumption and the risk of lung cancer may be partially explained in some studies by residual confounding by cigarette smoking [121] [122] [123] [124] . One cohort study demonstrated a strong positive association between alcohol drinking and the risk of female lung cancer [125] .
The association in women almost disappeared after adjusting for smoking [125] .
Diet may also be an important confounding factor [101] . Because of the caloric content of alcoholic beverages, their consumption may displace other foods and nutrients from the diet, especially in heavy drinkers [126, 127] . Several foods and nutrients, such as vegetables, fruits, and carotenoids, potentially decrease the risk of lung cancer [92] .
RENIN-ANGIOTENSIN SYSTEM
Chronic alcohol ingestion has been associated with increased renin-angiotensin system (RAS) activity [128] . Activation of the RAS involves renin-mediated cleavage of angiotensinogen into the decapeptide angiotensin I (Ang I). Angiotensinogen is generated mainly in the liver, but mRNA expression occurs in a wide range of tissues including the kidney, brain, vascular tissue, adrenal gland, and placenta [129] . Renin is produced not only in the kidney in response to hypotension or volume depletion but also in vascular endothelial cells in response to more diverse stimuli [130] . Ang I is converted to the octapeptide, angiotensin II (Ang II), a pluripotent vasoactive peptide, by angiotensin-converting enzyme (ACE). Although ACE concentration is highest in the lung, it can also be found on the lumenal surface of vascular endothelial cells in other locations [131, 132] .
The biological effects of Ang II depend on its interaction with specific Ang II receptors on the cell surface, and at least seven subtypes have been identified. The majority of the well-known effects of Ang II, such as vasoconstriction, sodium retention, tissue hypertrophy and hyperplasia, are mediated via the Ang II Type 1 (AT 1 ) receptor [133, 134] . By contrast, the Type 2 (AT 2 ) receptor is present in few tissues during adulthood, whereas it is abundantly expressed during embryogenesis and in response to injury [133, 135] . Stimulation of the AT 2 receptor inhibits cell proliferation and leads to apoptosis, actions directly opposed to the proliferative responses that often follow AT 1 activation [135] [136] [137] [138] .
Chronic alcohol ingestion markedly increases the relative expression of the AT 2 receptor within the alveolar epithelium and in parallel renders these cells susceptible to apoptosis when exposed to oxidative stress or proinflammatory cytokines [139] . Importantly, selective inhibition of the AT 2 receptor completely inhibits angiotensin II-and TNF--induced apoptosis in alveolar epithelial cells isolated from alcoholfed rats [139] . Therefore, chronic alcohol ingestion shifts the Ang II receptor phenotype within the alveolar epithelium to one characterized by predominant AT 2 receptor subtype expression, which in turn appears to mediate epithelial cell apoptosis in response to diverse inflammatory stimuli. One explanation of this phenotypic shift in Ang II receptor expression occurs in the lung is that alcohol-induced oxidative stress in the lung is mediated in large part by Ang II and specifically through activation of the AT 1 receptor [140] .
Ang II stimulates NADPH oxidase expression and activity as well as superoxide production in cells of the vascular wall in vitro [141] [142] [143] and in vivo [144] . NADPH oxidase components include gp91phox, p22phox, p40phox, p47phox, and p67phox. The subunits gp91phox and p22phox reside in the plasma membrane and bind the components of the electron transport chain heme and FAD, forming cytochrome b 558 [145, 146] . The NADPH oxidase subunits p40phox, p47phox, and p67phox are cytosolic and are involved in activation of the enzyme complex [146, 147] . Chronic ethanol ingestion also increased the levels of the NADPH oxidase subunit, gp91phox, but had no effect on lung p22phox or p47phox levels [128] .
Ang II is also implicated in diverse pathophysiological conditions including vascular and myocardial injury [148, 149] , in part due to specific activation of apoptosis pathways [150] . The relevance of these pathways to the alcoholic lung is suggested by reports that alveolar epithelial type II cells have receptors for Ang II [151] .
Ang II is increased in patients with ARDS [152] . Chronic ethanol ingestion failed to increase ACE expression or angiotensin II levels in lung homogenates, but increased angiotensinogen, Ang II type 1 and type 2 receptor levels, and ACE activity [128] . Cleavage of angiotensinogen is the ratelimiting factor in the cascade of Ang II production [153] . Activation of renin following inflammatory stimuli could lead to robust increases in RAS activity in the lung after chronic ethanol ingestion [128] . Intriguingly, mice deficient in ACE have less lung injury following acid aspiration or sepsis [154] , and also individuals who express the ACE allele associated with increased enzyme activity are at higher risk of ARDS [155] . In contrast, ACE2 is a negative modulator of the RAS that inactivates Ang II; experimentally, treatment with recombinant ACE2 also protects mice from lung injury [154] . Chronic alcohol ingestion increases plasma levels of Ang II in rats [156] , and it has been postulated that activation of the RAS may explain the association between alcohol abuse and hypertension in humans [156, 157] . It has been shown that acetaldehyde, the primary metabolite of alcohol, can convert angiotensinogen to Ang I in rat plasma in vitro [158] .
REACTIVE OXYGEN SPECIES
Reactive oxygen species (ROS) are constantly produced in the cells. But under normal physiological conditions the enzymatic and non-enzymatic antioxidant mechanisms of the cell overcome the destructive potential of ROS. There is a delicate balance between the production of ROS and endogenous protection mechanisms. Overproduction of ROS or a decrease in antioxidants results in oxidative stress, and may cause cellular damage. This damage may be involved in the etiology of diverse human diseases [159] [160] [161] [162] [163] [164] . Following ethanol intake ROS stimulate the release and the formation of various inflammatory mediators with powerful chemotactic potential. These mediators lead to leukocyte activation, expression of endothelial adhesion molecules and vascular endothelial damage [165] .
Local alcohol metabolism within the lung may be sufficient to exert significant oxidative stress [27, 164] , due to their unique structure and function [159] . Increased reactive species due to ethanol causes phenotypic alterations in the lung and alters the lung's response to inflammatory stimuli [166] . High-dose acute alcohol administration aggravates systemic and local oxidative stress leading to acute lung injury, ranging from mild pulmonary dysfunction to severe lung injury [167] . Chronic exposure to high doses of alcohol results in many pathophysiologic changes in cellular function [166] . Acetaldehyde, the metabolite of ethanol, is a very reactive molecule with a high affinity for sulfhydryl groups, enabling binding to a variety of intracellular proteins. It can impair enzyme functions by forming Schiff bases with sulfhydryl groups at the active sites of several enzymes. Acetaldehyde also enhances lipid peroxidation and interferes with protective responses in the cell, including interference with glutathione synthesis and reduction in the activity of free radical scavenging enzymes [168] . Experimental studies indicate that alcohol itself does not initiate cancer but may potentiate the effect of carcinogens by a number of mechanisms, including facilitation of cellular entry of carcinogens and/or affecting their metabolism, inhibition of DNA repair, and tumor promotion [169] . Acetaldehyde has been suggested to be involved in the mechanism of exacerbation of ARDS by inducing lung remodeling through stimulation of fibronectin expression following nicotinic acetylcholine receptor stimulation [170] .
Alcohol is capable of generating oxygen radicals, inhibiting glutathione synthesis, increasing malondialdehyde (MDA) levels and impairing antioxidant defense mechanisms in humans and experimental animals [171] [172] [173] . Oxidative stress plays a role in mediating the ethanol-induced down-regulation of lung Na,K-ATPase [174] .
Alcohol can act as a prooxidant in tissues, including lung tissue [112, 113] , and on lipids, including lung membrane lipids [112, 114] . Ethanol-induced erythrocyte GSH depletion may render lipids more susceptible to ROS attacks. In addition, the ethanol-induced fatty acid ethyl esters play a role in the development of alcohol-related injury to the lung [114] . Chronic alcohol ingestion reduces the level of the antioxidant glutathione (GSH) [164] , increased GSSG levels of bronchoalveolar lavage (BAL) fluid [128] , enhanced superoxide generation in lung tissue [128] , increased H 2 O 2 production, eNOS expression and activity, cyclic guanosine monophosphate (cGMP) content, and levels of protein nitration and oxidation and also stimulated ACE-dependent increases in NO production in the lung [166] .
In a rat model, chronic ethanol ingestion decreased GSH in the lung tissue, the epithelial lining fluid (ELF) of the alveoli, and alveolar type II cells [27] . Chronic ethanol ingestion decreased glutathione levels within the alveolar epithelial lining fluid by ~80% and in alveolar epithelial cells by more than 90% [27] . Within cells, there are distinct mitochondrial and cytosolic pools of glutathione. Although chronic alcohol ingestion depletes both the mitochondrial and cytosolic glutathione pools, it appears that the mitochondrial levels may be more critically involved in the pathophysiology of alcohol-mediated alveolar epithelial dysfunction [26, [28] [29] [30] . This altered GSH homeostasis in the alveolar epithelial lining fluid (ELF) [27] resulted in increased susceptibility to sepsis-induced acute lung injury, impaired alveolar type II cell function and viability [26, 29, 175] , increased alveolar epithelial intercellular permeability and renders the alveolar epithelium susceptible to acute edematous injury [30] .
In the epithelial lining fluid (ELF) of the alveoli, the antioxidant glutathione (GSH) is essential for the detoxification of endogenous and exogenous oxidant radicals and protection of cells residing in the airway and alveolus. Under stressed conditions, the alveolar macrophage rely on the ELF pool of GSH to provide amino acids for de novo GSH synthesis [176] , to protect themselves from oxidant injury [177] and maintain membrane integrity during their respiratory burst [178] . Thus availability of extracellular GSH or its precursor amino acids is essential to maintain intracellular macrophage GSH homeostasis necessary for optimal cell functioning. When macrophage GSH availability is limited, generation of high-energy nucleotides is impaired [178] and cellular functions such as phagocytosis and microbial clearance become compromised. When GSH availability in the ELF is limited, phagocytosis and the respiratory burst are compromised [179, 180] .
In the alcoholic lung, depletion of glutathione increases oxidative stress derived from activated neutrophils, resulting in decreased surfactant production [170] , apoptosis and increased permeability of alveolar epithelial type II cells [170, 181] , in which TGF-1 may be involved [170] . Decreased glutathione availability in the alcoholic lung contributes to alveolar macrophage dysfunction via oxidative stress, resulting in not only decreased function but decreased viability [182] . Alcohol-induced chronic oxidant stress in the alveolar space and the subsequent ramifications may be an important modulator of the increased incidence and severity of acute respiratory distress syndrome [183] .
IMMUNE SYSTEM
Chronic alcohol abuse impairs salivary secretion, promotes gingivitis, and increases colonization of the mouth and pharynx with gram-negative bacteria [184, 185] . In parallel, acute intoxication can impair consciousness and decrease the gag reflex. The result is that alcoholics are more likely to aspirate virulent organisms into the lower airways. Within the trachea and conducting airways, the primary defense against invading pathogens is mucociliary clearance, which expels microorganisms trapped within the airway secretions. In experimental models, alcohol has been shown to impair this function [60] .
In addition to directly inhibiting the ability of resident lung immune cells to kill bacteria, excessive ethanol use suppresses the normally protective acute inflammatory response to infection, resulting in the defective recruitment of additional innate immune cells. Additionally, ethanol disrupts the intricate interface that exists between innate and adaptive pulmonary immunity, further hindering the alcoholic host's ability to eliminate invading pathogens efficiently [185] and impaired release of proinflammatory cytokines, chemokines, and oxidant radicals required for microbial killing [186] .
Alcohol abuse is classically recognized as an important risk factor for bacterial pneumonias [185, [187] [188] [189] . Pneumonia was the source of sepsis in 60% of the alcoholic subjects and was the most common source of sepsis in the nonalcoholic subjects (35%) [89] . Surfactant proteins A and D (SP-A and SP-D, respectively) are additional components of pulmonary innate immunity and have an important role in pulmonary defense against inhaled pathogens [190] . Alcohol has also been shown to decrease the ability of surfactant to facilitate macrophage phagocytosis and killing of S. pneumoniae in vitro [191] , which only exacerbates the impaired innate immune response to infections in the alveolar space. Consistent with these experimental findings, alveolar macrophages isolated from alcoholic subjects have impaired immune function including decreased secretion of tumor necrosis factor (TNF)- [186] . Furthermore, the effects of alcohol abuse on innate immune responses within the lung do not readily resolve with abstinence [192] .
Chronic alcohol ingestion impairs alveolar macrophage phagocytosis [193, 194] , degranulation [195] [196] [197] , and superoxide production in response to bacterial challenge [193, 194] . Alveolar macrophage recognizes infectious agents by their interaction with cell surface-expressed pattern recognition receptors, including a family of receptors known as the Toll-like receptors. Acute ethanol intoxication inhibits inflammatory cytokine induction in response to a range of Toll-like receptor ligands [198] .
Chronic alcoholics are known to be lymphopenic, particularly those patients with alcoholic liver disease [199] . Decreased thymic size and lymphocyte content have been reported in animal models of chronic intoxication [200] . Furthermore, T cells from chronic alcoholics and ethanol-fed animals show a decreased response to mitogen stimulation [201] and impaired delayed-type hypersensitivity responses [202] . Chronic alcohol consumption impairs lung recruitment of lymphocytes in response to an infectious challenge may be a consequence of depletion of T lymphocytes in host lymphoid tissue and may explain the increased morbidity and mortality of pulmonary infections in alcoholic subjects [203] . The increased incidence of M. tuberculosis infections in the chronic alcoholic is resulting, at least partially, from the defect in cell-mediated immunity [204] .
Ethanol intoxication impairs lung immunity by affecting cytokines pivotal to the inflammatory process. In alcoholconsuming mice, both IL-12 and interferon (IFN)-expression was reduced compared with controls [205] . In one study, ethanol increased significantly the basal IL-10 activity at 3h, which continued to remain elevated at 24h [206] . In another study, lungs from the ethanol-fed mice contained excessive amounts of the antiinflammatory cytokine IL-10, a response that may account for the defective Th1 response [207] . The suppression of acute lung inflammation by ethanol intoxication is largely due to impairment of proinflammatory cytokine signaling at the levels of cytokine expression and secretion as well as receptor expression and soluble receptor activity. The augmentation by ethanol of antiinflammatory mediators' secretion most likely shifts the cytokine balance in the anti-inflammatory direction [206] . Experimental attempts to restore lung Th1 signaling in the setting of infection and intoxication have reported that gene delivery of IFN-to the lung can improve pulmonary host defenses [208] .
The T-cell cytokine IL-17 serves as a link between adaptive and innate immunity because it upregulates chemokines and cytokines promoting neutrophilic inflammation of pulmonary host defense mechanisms [209] . In vitro exposure of lung epithelial cells to ethanol reduced the generation of cytokines, as well as translocation and gene activation by NFkappaB [210] .
Tumor Necrosis Factor (TNF)-
The importance of TNF-in pulmonary host defense against pathogens, is evidenced by work demonstrating increased mortality in animals treated with antibody or soluble receptors against this factor [211] . Acute alcohol intoxication has been shown to impair the pulmonary TNF-response to LPS challenge; although no effect on TNF-gene upregulation was observed, suggesting a post-transcriptional defect [212, 213] . By inhibiting the physical interaction between the TNF-molecule and TNF-converting enzyme, acute ethanol exposure prevents cleavage of TNF-from the producing cell's surface [214] , and it is believed this effect is caused in part by alcohol-mediated changes in cell membrane fluidity. Some evidence suggests that chronic intoxication increases TNF-release through augmentation of TNFconverting enzyme activity [215] and stabilization of TNFmRNA [216] , while other work finds suppression of this cytokine [186, 217] .
Neutrophil
The physiologic expression of TNF-in the lung develop acute inflammation and neutrophil influx. Although TNFis not a direct chemoattractant for neutrophils, it stimulates the release of chemokines, which orchestrate the recruitment of these cells from the vasculature. Acute alcohol intoxication profoundly suppresses the lung's expression of the neutrophil chemokines macrophage inflammatory protein (MIP)-2 and cytokine-induced neutrophil chemoattractant (CINC), rodent orthologs of the human neutrophil chemokines IL-8 and Gro-. In addition, intrinsic defects occur in the neutrophil as a result of alcohol exposure. Neutrophil expression of the surface adhesion molecules CD11b/c and CD18 in response to LPS is suppressed by alcohol in vivo, impairing the ability of neutrophils to attach to the endothelial surface [218] . Furthermore, studies of neutrophils taken from chronic alcohol abusers show these cells are hyporesponsive to chemotactic stimuli [219, 220] .
Transforming Growth Factor-Beta (TGF-)
The majority of the TGF-1 protein in the alcoholic lung tissue is in the latent form but is released as activated TGF-1 into the alveolar air space during endotoxemia, and the lavage fluid induces permeability in naive alveolar epithelial monolayer via TGF-1-specific effects [33] , where it can exacerbate epithelial barrier dysfunction and lung edema [140] .
ALVEOLAR EPITHELIAL EXTRACELLULAR MATRIX
The alveolar extracellular matrix (ECM) is considered to be a static structural component of the lung tissue. It serves as a modulator of cell growth and development, inflammation, angiogenesis, cell migration, tissue differentiation, and repair. As these processes occur, they influence both the cellular and matrix composition and the ultimate fate and functionality of the newly formed tissue. There is growing evidence that aberrant remodeling of the ECM contributes both to the early inflammatory phase as well as to the later fibroproliferative phase of the syndrome [221, 222] .
One hallmark of ARDS is disruption of the alveolar ECM [221] . Evidence suggests that degradation of the ECM by matrix metalloproteinases (MMPs) may contribute to the development of acute lung injury. A subgroup of these enzymes known as type IV collagenases including MMP-9 (gelatinase A) and MMP-2 (gelatinase B), can degrade basement membrane components including (type IV) collagen, fibronectins, and gelatin. These enzymes are increased in the lung lavage fluid of ARDS patients [223] . In addition, patients with ARDS have increased levels of the 7S fragment of type IV collagen in serum [224] and in lung lavage fluid [225] , suggesting that the increased levels of MMP-9 and MMP-2 lead to increased degradation of the alveolar epithelial ECM during acute lung injury.
POTENTIAL THERAPIES
The overall survival of patients with ARDS has increased since the original description of the syndrome due to incremental improvements in their care [226] . However, the mortality from ARDS is unacceptably high at 40-60% [227] . Furthermore, no pharmacological treatments have been identified to date that significantly decrease ARDS mortality.
Glutathione replacement would seem to be an obvious choice in view of the extensive evidence implicating glutathione depletion in the pathophysiology of alcohol-induced liver and lung dysfunction [26] . Glutathione replacement decreased endotoxin-mediated lung edema in ethanol-fed rats [27] . Although dietary glutathione supplementation is effective in animal models, this approach requires chronic and concurrent ingestion with the alcohol to prevent oxidative damage and dysfunction [26] .
Subsequent studies have demonstrated that dietary supplementation with glutathione precursors decreases cytokineand/or oxidant-induced apoptosis, preserves surfactant synthesis and secretion, restores barrier function both in vivo and in vitro, prevents activation of matrix metalloproteinases during endotoxemia, and maintains surfactant composition as well as limits acute lung injury during sepsis in vivo [26, [28] [29] [30] [31] [32] .
Specifically, supplementing the diets of alcohol-fed rats with N-acetylcysteine, the only clinically approved glutathione precursor, prevents alcohol-mediated depletion of the alveolar epithelial cell cytosolic glutathione pool. However, N-acetylcysteine failed to prevent alcohol-mediated depletion of the mitochondrial glutathione pool and did not prevent alcohol-mediated derangements in surfactant synthesis or enhanced susceptibility to oxidant-induced apoptosis [26, [28] [29] [30] . In contrast, supplementing the diets of alcoholfed rats with procysteine, a glutathione precursor that prevents depletion of both mitochondrial and cytosolic glutathione pools, abrogated alcohol-induced derangements in alveolar epithelial cell function in vitro [26, 28, 30] . Importantly, procysteine supplementation also eliminated alcoholmediated susceptibility to surfactant dysfunction and hypoxemia in an experimental model of sepsis-induced lung injury in vivo [32] . Procysteine also prevented TGF-1 expression [140] . Alveolar epithelial cell (AEC) apoptosis in response to inflammatory mediators, including TNF-, parallels endotoxin-mediated acute lung injury in ethanol-fed rats. TNF--induced cytotoxicity, but not Ang II-induced cytotoxicity, was prevented by lisinopril. Both TNF-and Ang II-induced cytotoxicity in AECs from control-fed and ethanol-fed rats were inhibited by the selective AT 2 blocker, but not by the selective AT 1 blocker, losartan. In parallel, lisinopril treatment limited TGF-1 protein release into the alveolar space during endotoxemia [140] .
Acute alcohol intoxication impairs the neutrophil response to intrapulmonary infection, resulting in impaired host defense and increased patient morbidity and mortality.
Intratracheal (IT) chemokine administration promotes pulmonary neutrophil migration in rats and this process is enhanced by systemic administration of the Glu-Leu-Arg and CXC chemokine cytokine-induced neutrophil chemoattractant (CINC). Exogenous chemokine administration may be a useful means to enhance host defenses in the ethanolintoxicated host [228] .
Perhaps the most attractive candidate for treating the alcoholic lung phenotype in the acute setting is suggested by the experimental findings on granulocyte/ macrophage colony-stimulating factor (GM-CSF) signaling in the alcoholic lung. Recombinant GM-CSF delivered via the upper airway restored alveolar epithelial barrier function and fluid transport in alcohol-fed rats, even during endotoxemia [229] . Importantly, GM-CSF treatment decreased endotoxin-mediated lung injury even in control-fed rats, and the magnitude of the efficacious response was greater in the alcohol-fed rats. As a consequence, GM-CSF-dependent functions in each cell type are impaired. Remarkably, recombinant GM-CSF treatment restores GM-CSF receptor expression, signaling and normalizes both alveolar epithelial barrier function and alveolar macrophage immune function [230] .
In fact, this strategy has already been examined in human subjects at risk for ARDS, although not in the context of known alcohol abuse. Specifically, a phase II clinical trial of 18 patients with septic shock demonstrated that patients who received recombinant GM-CSF treatment (n = 10) appeared to have less severe lung injury than placebo-treated patients (n = 8) [231] . Furthermore, alveolar macrophages from septic patients given recombinant GM-CSF treatment had improved function in vitro, including respiratory burst, compared with macrophages from placebo-treated septic patients [231] .
Whether any of these therapeutic strategies will prove to be effective in decreasing the consequences of alcohol abuse on acute pulmonary diseases is at present unknown. It is likely that combination therapies will be required to treat acute lung injury.
CONCLUSION
Alcohol abuse is a systemic disorder and increases the risk of lung injury by impairing the alveolar epithelial barrier function, impairing GM-CSF signaling, increasing renninangiotensin system, exerting oxidative stress, reducing mucocilliary clearance and altering immune systems. Though a number of therapeutic strategies were tested against alcohol induced lung injury, more studies are required.
